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Properties of the interface between the epitaxial layer of heavily doped Al0.48In0.52As:Si and the
InP~Fe! substrate are investigated by photoluminescence in AlInAs:Si/InP~Fe! heteroestructures
grown by molecular beam epitaxy. The effect on heterostructure optical properties of including a
thin Al0.22Ga0.26In0.52As:Si layer at the interface is investigated as well. To explain the different
interface emission energies observed, the results are analyzed by using the mixed-type I–II interface
model, which considers in the type II interface a narrow InAs well, with variable width, between
AlInAs and InP. The observation of the interface emission at energies as high as 1.36 eV, at low
excitation intensity, is explained taking into account the high doping level of the samples. The
observed interface transition luminescence thermal quenching is tentatively explained by analyzing
the spatial distribution of electrons in the triangular quantum well formed at the type II interface~or
at the mixed I–II interface! as a function of the temperature. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1475370#
I. INTRODUCTION
Materials of the AlxGayIn12x2yAs family, grown lattice
matched to InP, have been investigated and used as alterna-
tive materials, with some advantages, to the InGaAsP family
for applications in microelectronics and optoelectronics
devices.1–5 Particular importance has been given to the ter-
naries AlxIn12xAs and GayIn12yAs,
5–7 which are, respec-
tively, the materials with the widest and the narrowest energy
band gaps of that family which can be grown lattice matched
to InP.
The lattice matched heterojunction Al0.48In0.52As/InP
presents a type II interface with band bending which pro-
duces a bidimensional confinement for electrons on the InP
side and for holes on the AlInAs side,8 as shown in Fig. 1~a!.
This interface can be used for making new optoelectronic
devices,1 and the large conduction band offset at the interface
makes this system very attractive for making high-electron-
mobility transistors using the electron channel on the InP
side.7,9,10 Radiative recombination with emission energy be-
low the fundamental gap should be observed due to the small
overlap of electron and hole wave functions. The energy of
these emissions depends essentially on the conduction band
discontinuity. However, preparation of type II interfaces in
AlInAs/InP structures presents many problems.11,12 In mo-
lecular beam epitaxy growth of AlInAs made directly on InP
substrates, an As flux is usually employed in order to provide
the oxide desorption of the substrate. This procedure can
create a nonintentional very thin strained epilayer of InAs at
the interface between the AlInAs and the InP.11 As the InAs
epilayer has a very narrow band gap, a quantum well would
be formed at the interface, giving origin to a type I structure
instead of a type II.11 However, this subject is still controver-
sial. Many experimental works have investigated the emis-
sion due to the AlInAs/InP interface but the reported results
cover the large energy range from 1.1 to 1.3 eV.5,7,12–24This
large dispersion of results has been attributed to many factors
a!Electronic mail: jlduarte@uel.br
FIG. 1. Band structure diagram for:~a! pure-type II interface and~b! mixed-
type I–II interface.
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such as defects or composition gradients located at the
interface7,14–16 and the quantum well due to the InAs
layer.11,12
Recently, Vignaudet al.25 and Duezet al.26 have pro-
posed a model in which the interface recombination in
AlInAs/InP is labeled as mixed type I–II. Figure 1 shows the
diagrams for the pure type II interface@Fig. 1~a!# and the
mixed type I–II interface@Fig. 1~b!#, for comparison.
In the mixed type I–II recombination model, the pres-
ence of a narrow InAs well~type I structure! between InP
and AlInAs is considered. In this case, the wave functions of
electrons in the conduction band are spread between InP and
InAs, whereas in valence band the holes are strictly confined
in the InAs well.26 So, the shift of the interface emission to
lower energy in some samples, in comparison with the type
II emission, is due to the strong decrease of the hole ground
state energy that occurs when the InAs well width increases.
In the present work, the interface radiative recombina-
tion of heavily doped (1018– 1019 cm23) Al0.48In0.52As:Si
layers grown on InP~Fe! substrate is systematically investi-
gated by the photoluminescence~PL! technique, using a set
of samples with different silicon concentrations. Also, the
influence on heterostructure emission properties of a
Al0.22Ga0.26In0.52As thin layer~11 Å! grown between the InP
and the AlInAs layer is investigated.
II. EXPERIMENT
The samples used in this work were 1-mm-thick
Al0.48In0.52As:Si layers grown by molecular beam epitaxy on
InP~Fe!-~001! oriented substrates. According to x-ray diffrac-
tion measurements carried out on these samples, the layers
are approximately lattice matched to InP, as shown in Table I
by the (Da/a)' parameter. In sample BQ, a layer of
AlGaInAs approximately 11 Å thick was grown at the inter-
face between the InP substrate and the ternary AlInAs layer
and also at the sample surface. Silicon doping levels in the
ternary layers, as obtained from Hall measurements at room
temperature, are also shown in Table I. Carrier concentration
in the substrate is in the 1016 cm23 range.
The samples with different silicon concentrations are
identified, in increasing order of doping, by the letters A, B,
C, and D. The letter Q in BQ accounts for the special case
where a thin layer ~11 Å! of the quaternary
Al0.22Ga0.26In0.52As was grown at the interface between the
InP substrate and the AlInAs layer and also at the sample
surface.
Photoluminescence~PL! measurements were performed
using the 5145 Å line of a continuous wave argon ion laser
focused on a 300-mm-diam spot. PL signal was analyzed by
a 0.5 m SPEX spectrometer coupled to a cooled Ge photo-
detector. The incident power could be varied by neutral den-
sity filters and the temperature could be varied from 2 K to
room temperature.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Photoluminescence spectra
The PL spectra of the Al0.48In0.52As:Si/InP sample set
obtained at 2 K, with an excitation beam intensity of about
14 W/cm2 ~10 mW power!, are shown in Fig. 2.
The spectra of samples A and C are composed of two
intense emission bands labeledP1 andP4, at the lowest and
at the highest energies, respectively, and a third peak labeled
P2 located between the other two, in the 1.385–1.387 eV
region. In sample D, the three peaks merge. For sample BQ,
which has the AlGaInAs layer at the interface between InP
and AlInAs, only theP4 transition is observed.
The P4 emission band is associated with the AlInAs
layer emission and the changes that take place in this emis-
sion when the silicon doping concentration changes can also
be seen in Fig. 2. An analysis of the spectra of samples A,
BQ, and C shows that theP4 peak displaces to higher ener-
gies when the doping concentration increases. This displace-
ment is difficult to observe in sample D since the lower en-
ergy band merges with theP2 andP4 ones. However, it is
possible to observe that in this sample, which has the highest
doping level, the emission spreads to higher energies. In
sample A, where the maximum intensity of this emission is
below the known values for the Al0.48In0.52As energy band
gap, this energy displacement is attributed to the presence of
acceptor impurities in AlInAs, which makes donor–acceptor
~D–A! transitions possible. This possibility was verified by
PL spectra obtained at different intensities~not shown here!,
which has shown an energy displacement to higher values
when the intensity is increased, a characteristic behavior of
the ~D–A! emission.
TABLE I. Sample data, whereND stands for the carrier concentration and





A No 2.931018 ,0.531023
BQ Yes 4.931018 2.031023
C No 6.831018 1.731023
D No 1.131019 ,0.531023
FIG. 2. Spectra of PL obtained at the temperature of 2 K for samples listed
in Table I.
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The lowest energy band (P1), which is located at an
energy lower than the InP and AlInAs energy band gaps, is
related to the emission that takes place at the interface. This
emission is evident in the A, C, and D sample spectra,
whereas in the sample D spectrum it merges with theP2 and
P4 bands. In the spectrum of sample BQ, the sample which
has the quaternary AlGaInAs layer at the interface, this low
energy band is completely absent.
For intensities a little higher than that used in the previ-
ously shown spectra, but also at 2 K, another peak, at 1.414
eV, appears and was labeledP3, as shown in Fig. 3. TheP3
peak was identified as being due to excitons bound to the
acceptor impurities of the InP substrate and theP2 peak was
attributed to the acceptor impurities in InP substrate, whose
ionization energy corresponds to that of Mg.27,28
The interface emission (P1) behavior as a function of
the incident power can be seen in Fig. 3, for sample C. When
the incident power is raised from 10 to 300 mW, the energy
of maximum emission shifts from 1.267 to 1.280 eV. This
shift to higher energies is also observed in samples A and D,
but it is difficult to follow this shift in sample D due to the
strong overlap of all transitions in this sample. This shift to
higher energies when the excitation intensity is raised is a
characteristic of type II~or mixed type I–II! transition,8,26 as
will be discussed later. Regarding theP1 emission intensity
in comparison with the other emissions, when the incident
power is raised, it increases a little at the beginning until it
reaches a maximum and then it decreases.
Figure 4 shows sample C emission spectra from 2 to 100
K. As the temperature is raised, the interface emission inten-
sity increases a little until it reaches a maximum~at about 20
K! and then decreases, vanishing at a temperature around
100 K. Samples A and D show similar behavior.
Although this behavior of decreasing emission intensity
with increasing temperature is a characteristic of transitions
in which impurities are involved, there is some strong evi-
dence that theP1 emission is due not to impurities but to
transitions that take place at the interface. One evidence is
the fact that this emission occurs at different energies for
different samples, as seen in Fig. 2. According to x-ray mea-
surements, the AlInAs layers are approximately lattice
matched to InP and therefore have approximately the same
energy band gap in all the samples. The displacements of the
P4 emission band, from one sample to another, are due to
shallow impurities~the Si dopant as well as other noninten-
tional shallow impurities!. So, if theP1 emission was due to
any deep impurity, in AlInAs or in InP, it should be at the
same position, at least roughly, in all samples. Moreover, if
P1 was due to a deep impurity, it should not disappear at a
relatively low temperature.
Another very strong evidence that theP1 emission is not
due to impurities is the fact that in sample BQ, in which the
quaternary AlGaInAs was grown between AlInAs and InP,
this emission is not observed, even at a high excitation
power. On the other hand, this is evidence that this emission
originates at the interface between AlInAs and InP.
Thus, experimental evidence has shown clearly that the
P1 emission originates at the AlInAs/InP interface.
Figure 4 also shows theP1 emission peak energy shift
to higher energies with the increase in temperature.
B. Discussion of the interface recombination energy
In this section, the values for the interface emission en-
ergy obtained by the present work are analyzed according to
the mixed type I–II interface model and the value which is
attributed to the pure type II emission is compared to the
FIG. 3. Photoluminescence spectra obtained with power variation for the
sample C.
FIG. 4. PL spectra obtained with temperature variation between 2 and 100 K
for the sample C.
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corresponding one of Ref. 25, taking into account that in the
sample used in this work the doping level is three orders of
magnitude larger than that of Ref. 25.
The diversity of values found by the present work for the
energy of maximumP1 emission at low excitation intensity
~1.31 eV for sample A, 1.27 eV for sample C, and;1.36 eV
for sample D, as can be seen in Fig. 2! and the fact that the
order of energy values does not follow the order of the dop-
ing level ~for example, for sample A, the emission energy is
higher than that for sample C, which is less doped than A,
whereas the emission energy of sample D, the most doped
sample, is higher than the emission energies of samples A
and C!, can be explained, at least qualitatively, by the mixed
type I–II interface model. According to that model, sample D
(E;1.36 eV) would not have the InAs layer, while sample A
(E51.31 eV) would have an InAs layer of intermediate
thickness and sample C (E51.27 eV) would have the thick-
est InAs layer.
The difference between the energy of the pure type II
emission~for interface without the InAs layer! observed in
sample D of this work and the corresponding energy reported
in Ref. 25~1.27–1.28 eV!, both for low intensity excitation,
can be accounted for the difference in the doping level be-
tween the samples~1.1310219 cm23 for sample D and
;1016 cm23 for sample of Ref. 25!. To better understand
this process, it is interesting to analyze the behavior of the
electron ground state energy level (E0) and the electron dis-
tribution in the triangular quantum well for electrons~EW! in
the conduction band, at the InP side of the interface~see Fig.
5!, as a function of the Si concentration in AlInAs. As donor
concentration~Si! in AlInAs increases, the Fermi level is
raised and the electrons are transferred from the AlInAs to
the InP side in order to equalize the Fermi level on both
sides.29 This electron transfer fills the EW level, raising the
Fermi level on the InP side and it also raises the electrostatic
potential in the region close to the interface, as the number of
ionized Si at the AlInAs side also increases. As the electron
density in EW increases, theE0 ground state of this well also
increases8,29 and, as a consequence of the overall process, the
energy of the interface emission shifts to higher energies.
The assumption that the difference between the value for
the type II emission energy in the slightly doped sample of
Ref. 25 (E;1.28 eV) and the corresponding value for the
heavily doped sample found by the present work (E
;1.36 eV) is due to the difference in the doping level is
reinforced by the fact that Ref. 25 reports a strong depen-
dence of type II transition energy~E! on the excitation inten-
sity ~the minimum E51.27– 1.28 eV at the low intensity
limit and the maximumE;1.36 eV at a very high intensity,
;603103 W/cm2!, where the maximumE value is approxi-
mately the same value that was measured by the present
work using low excitation intensity. This can be explained by
the fact that an increase in the excitation intensity results in
an increase in the densities of photogenerated electrons in
EW and of photogenerated holes in the valence band well
~HW! on the AlInAs side. The photogenerated electrons raise
the EW ground state and the photogenerated holes raise the
HW ground state and, as a consequence, the interface emis-
sion is shifted to higher energies.8,26 So, this shift only takes
place because the incident light creates positive and negative
charges on different sides of the interface, as in the doping
case.
C. Analysis of the emission intensity dependence on
temperature
In this section, the behavior of theP1 interface emission
intensity with temperature is analyzed. In general, all
samples show the following behavior: the emission intensity
increases slightly whenever the temperature rises from 0 to
15–20 K and then decreases, vanishing at temperatures be-
tween 70 and 100 K. To better estimate this change, theP1
emission integrated intensity was evaluated for each tem-
perature used and, with these results, a plot of the integrated
intensity ~I! as a function of the inverse of the temperature






whereC1 andEa are parameters to be evaluated by this fit.
Due to the behavior in which the emission intensity increases
slightly before decreasing and in order to have a good fit for
expression~1!, inferring thereby the activation energyEa ,
the experimental point obtained at 2 K temperature was not
taken into account. This procedure was repeated for all
samples. Figure 6 shows the best fit of expression~1! ~con-
tinuous line! with the experimental points.
The C1 andEa ~activation energy! parameters obtained
for each sample are shown in Table II; the values for sample
D are highly uncertain due to the fact that theP1, P2, and
P4 emission curves overlap, making the evaluation of the
P1 integrated intensity difficult.
Table II shows all samples with a low activation energy
between 10 and 20 meV.
Next, an explanation for the fact that theP1 emission
intensity decreases with the increase in temperature is sug-
gested, based on the analysis of the triangular well for elec-
trons ~EW! in the conduction band on the InP side and the
FIG. 5. Conduction band diagram at the InP/AlInAs interface representing
the electron filling of the EW triangular well due to the AlInAs doping.E0
andE1 denote the lowest EW levels,EF refers to the Fermi level andDEC
refers to the conduction band discontinuity.
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triangular well for holes~HW! in the valence band on the
AlInAs side, as seen in Fig. 1~a! for a type II interface.
Considering that, in order to have a type II emission at the
interface, a spatial overlap of the electron~i EW! and hole
~in HW! wave functions is necessary, the behavior as a func-
tion of the temperature of the wave function spatial distribu-
tion for electrons and holes and its action on the interface
emission efficiency are analyzed. The analysis of electrons in
a type II interface will be done initially and, then, the dis-
cussion will be extended to the electrons and holes in the
type II and mixed type I–II interfaces.
The electrons confined in EW are subjected, at the
AlInAs side, to a sharp potential barrier of approximately
250 meV and, at the InP side, to a triangular potential barrier
much smaller and with a much smaller slope. So, as the
temperature is raised, the electrons in EW are thermally ex-
cited to higher energy states, resulting in a spread of the
wave functions to regions further from the interface~s e Fig.
5!. Then, the electron wave function penetration in the bar-
rier created by AlInAs layer decreases and, as a consequence,
the spatial overlap of the electron and hole wave functions
decreases, thereby decreasing the probability of a spatially
indirect recombination occurring across the interface. In ad-
dition, as the temperature increases and the electrons are ex-
cited to higher energy states, they are constrained by a lower
triangular barrier at the InP side~at the AlInAs side this
change is negligible, due to the large difference in height of
both barriers!, which makes the wave function penetrate
more in the InP barrier and less in the AlInAs, decreasing the
indirect radiative emission. An argument similar to this one
was recently used to explain the luminescence thermal
quenching in ap-type d-doping structure.30,31 For even
higher temperatures, the electrons are excited to nonlocalized
states and the wave function penetration in AlInAs is further
reduced.
An analogous process should occur with the holes in
HW, in the valence band, for a type II transition. When the
interface is mixed type I–II, the hole should be confined by
the InAs well, as previously described, and thereby only
electrons will contribute to the quenching process.
IV. CONCLUSIONS
From the low temperature photoluminescence spectra, it
was possible to identify the emission due to the AlInAs:Si
epitaxial layer and that due to the InP~Fe! substrate. An emis-
sion at a lower energy, identified as being due to a transition
which takes place at the interface, whose energy varies sig-
nificantly from one sample to the other and which is absent
in the sample that has the AlGaInAs thin layer at the inter-
face, was also observed. Using the mixed-type I-II interface
model, which considers a type II interface combined with a
narrow InAs well between the AlInAs and InP, it is possible
to explain qualitatively the different emission energies for
different samples by considering InAs wells with different
thickness. The observation of the maximum interface emis-
sion at an energy as high as 1.36 eV, at low excitation inten-
sity, can be accounted for by the high doping level of the
sample. In addition, the luminescence thermal quenching ob-
served in this work can be understood by analyzing the spa-
tial distribution of electrons in the triangular quantum well
formed at the type II interface~or at the mixed type I–II
interface! as a function of temperature.
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